I. INTRODUCTION
The spreading of a thin, viscous, film of liquid under external forcing (gravity or centrifugal) comprises of two regions: a flat region, the dynamics of which are determined by the balance between driving force and viscous dissipation and a second region near the advancing front, the shape of which is governed by the interplay between the liquid surface tension and the driving force. This second region, termed capillary ridge, is susceptible to perturbations in the transverse direction eventually growing as fingers. [1] [2] [3] [4] [5] [6] [7] [8] The presence of particles in such a spreading thin film of liquid (i.e., a suspension or a slurry) is encountered in different applications [9] [10] [11] and can exhibit several complexities during spreading and ensuing fingering patterns.
12-14
For suspensions which exhibit yield stress behavior, the capillary ridge gets stabilized by the innate yield strength of the fluid allowing the film to spread to a larger area before the instability ensues.
12,15
Linear stability analysis of the thin film equations for such yield stress fluids, incorporating a suitable stress constitutive equation, correctly predicts the observed behavior. 15 In certain cases, however, the instability can be simply due to local yielding of the suspension 14 and not the usual contact line instability along the advancing film front. An enhancement in the fingering instability, compared to the base suspending liquid, is predicted using linear stability analysis of thin film equations for hard sphere, non-Brownian, well-mixed suspensions. 16 This enhancement is found to be slightly subdued for the case of settling, heavier particles, also observed in experiments. 13 Here, we report interesting and novel experimental observations on a thin film of suspension spreading on a horizontal spinning disk under the influence of centrifugal forcing. The suspending liquid is partially wetting and is not easily amenable to spreading and instability, owing to its surface minimizing tendency. However, the suspension of neutrally buoyant hard spheres in this liquid, at increasing particle fractions ( ), exhibits greater tendency to spread before the initiation of instability compared to the spreading of the suspending liquid. Further, the wavelength of contact line instability exhibits a non-monotonic behavior within the same range of . The wavelength is large for ≤ 0.4, it decreases to a minimum in the range 0.4 < < 0.5 before increasing again at higher . The behavior at the lower and highest values of seems to mimic, respectively, that of a partially wetting liquid and a yield stress suspension, while the behavior at intermediate values of seems to mimic that of a highly wetting liquid. We explain the observed phenomena based on the predictions of linear stability analysis of the thin film equations for suspensions presented previously.
15,16

II. EXPERIMENTAL DETAILS
The experimental assembly shown in Fig. 1 minute (rpm). The desired speed is achieved from rest using an acceleration of 1000 rpm/s. The feedback controller mechanism ensures that the random fluctuations in the rotational speed are within 2% for 250 rpm while they are within 5% for 1000 rpm.
Three different fluids, two Newtonian liquids and a suspension, were used in the experiments, the properties of which are given in Table I . The suspension was prepared by immersing glass beads (of an approximate normal size distribution with mean diameter = 52 m and standard deviation 11 m, and density 2.45 g/cc as procured from Potters, Inc.) in a liquid of matching density prepared from a mixture of LST liquid (density 2.85 g/cc) and glycerol (density 1.26 g/cc). The density matching between particles and liquid is attained to the accuracy of three decimal places. LST (Lithium heteropolytungstates) is a water soluble heavy mineral liquid, typically used for particle separations. Suspensions of varying (0.1 − 0.55) were prepared by mixing different amounts of glass beads in the glycerol-LST mixture. The viscosities of all the fluids, including suspensions, were obtained using the steady state rheology measurements carried out in a stress controlled rheometer. For all values of studied, the suspensions exhibit a Newtonian behavior for shear rates upto 10 3 s −1 (which are much more than those encountered in experiments) and the measured values of viscosity obey the well known Krieger-Dougherty equation for hard sphere suspensions. To measure the static contact angle, a drop of fluid was placed on the horizontal substrate. The drop was imaged by a camera placed sideways and in the plane of the substrate. The image was analyzed using ImageJ software to obtain the static contact angle. The values and corresponding errors reported in Table I represent average over 20 independent measurements.
In every experiment, a small drop of Polydimethylsiloxane (PDMS) (0.8 ml) or glycerol (1.1 ml) or suspension (1.1 ml) of particular value of was placed at the center of the disk. The disk surface, before every experiment, was washed multiple times using soap solution and rinsed with DI water followed by acetone to remove any traces of fluid used from the previous experiments. It was then mounted exactly horizontally on the spinning assembly. This protocol ensured the reproducibility of the experimental results. Experiments were carried out for four different rotational speeds of the disk: 250, 500, 750, and 1000 rpm. Each experiment was repeated 5 times and the results presented are averages over these experiments.
The surface of the disk is illuminated from above using a bright halogen lamp. The motion of fluid on the surface of the aluminium disk is captured from above using a high speed camera with an exposure of 150 s to acquire sharp images. A small amount of fluorescent dye was added to the transparent fluid for ease in the fluid visualization and image analysis using better contrast (see inset of Fig. 1(b) showing a fluid, appearing in dark color, which has spread to a certain extent). The addition of the fluorescent dye changes the surface tensions of PDMS, glycerol, and LST-glycerol mixture by 0.05%, 0.3%, and 3.3%, respectively, which is small enough to induce any qualitative changes in the observed behavior. The acquired images were analyzed to obtain the edges of the spreading fluid using standard edge detection algorithms. The edges were detected to an accuracy of ±0.15 mm (see Fig. 1(c) ). The edge detection data were used to calculate several quantities, viz., effective radius at different radial locations (i.e., different times), spreading rates, instability wavelengths, number of fingers.
III. RESULTS AND DISCUSSION
A. Spreading behavior Figure 2 shows the spreading of partially wetting glycerol, completely wetting PDMS and suspensions ( = 0.45, 0.475, 0.525, 0.55) at a rotational speed of 500 rpm. Each column corresponds to the spreading of a particular fluid at different times. Each row corresponds to the same degree of deformation of the drop boundary for all the fluids. The degree of deformation is defined as [( 1 − 2 )/ 2 ] × 100, where 1 is the largest radius for the drop (distance of the farthest point from the axis of rotation) and 2 is the radius of a circle centered on the axis of rotation and having same area as that covered by the drop. The rows 2 and 3, thus, correspond to a deformation of 10% and 20%, respectively, for all fluids.
The drop of PDMS, when placed on the disk, occupies a larger area compared to the drop of glycerol and suspensions even if the volume used is smaller (row 1 in Fig. 2 ). This is due to high wettability of PDMS (small contact angle) with respect to the disk surface, which spreads to occupy a larger area. The suspension drop (for all ) occupies nearly the same area of the disk as the glycerol drop. This suggests that the suspending liquid, which has the same wettability as glycerol (nearly same contact angles as shown in Table I ) primarily determines the final static configuration and the particles have relatively lesser influence. The finer details of the approach to this final static state, 17,18 and the possible particle influence therein, are not within the scope of this work and hence was not studied.
Once the rotation of the disk is started (500 rpm as shown in Fig. 2 ), the drops of glycerol (first column) and PDMS (sixth column) start to spread leading towards the formation of instability along the circumference (second row) and its further growth into fingers at later times (3rd row). The radius of the base circular region of the drop at which instability first appears, does not seem to increase significantly with the fluid continuously flowing outward through the fingers which eventually reach the periphery. This overall behavior, inclusive of the instability wavelength (or number of fingers formed), is very much in accordance with the previous studies for Newtonian liquids. The suspension, for all values of , spreads to a larger area before the instability is initiated compared to the spreading of a partially wetting liquid when the disk is rotated. Note that the suspending liquid is partially wetting, like glycerol (see relevant details in Table I ). The extent of spreading, before the initiation of instability, increases gradually up to = 0.525 and then decreases slightly at the highest particle fraction ( = 0.55). This indicates stabilization of the contact line due to the increasing presence of particles which is qualitatively similar to that observed during the spreading of a viscoelastic fluid 19 and clay suspensions which exhibit a finite yield stress. 12, 15 For the values of studied over here, the suspensions, however, do not exhibit a yield stress or show a viscoelastic behavior as ascertained from the bulk rheology measurements. Further, when compared to pure liquids, the base circular region of suspension (for any particular ) continues to spread significantly post the instability initiation. Increasing the rotational speed beyond 500 rpm does not qualitatively change the spreading behavior, however, lowering the rotational speed reduces the spreading tendency significantly. The qualitative behavior of the fingering instability; however, remains the same for different rotational speeds as shown later.
The time evolution of the suspension drop from its initial state up to the critical radius is shown in Fig. 3 for the rotational speed of 500 rpm along with the evolution of the drop of PDMS and glycerol. The results for the spreading/growth post-instability are shown later. The extent of spreading ( − 0 ) is normalized by the cube root of initial volume ( 0 ). Here, is the radius of the spreading drop and 0 is the radius of the drop in its initial state. The final point in each profile corresponds to critical radius (i.e., images in the second row shown in Fig. 2 ). The rate of spreading of the suspension drop decreases with increase in the particle fraction which can be expected 20 given the increase in the viscosity (see Table I ). For the highest particle fraction ( = 0.55) studied, the spreading rate is even lower than that observed for the two liquids. The extent of spreading ( − 0 ) for the suspension drop, however, increases continuously with before decreasing slightly at = 0.55. Further, the time to attain the critical radius increases monotonically with increase in . The overall behavior seems to arise due to combined effect of viscosity as well as the ability of a fluid to spread. For instance, the viscosities of PDMS and suspension ( = 0.45) are nearly the same and both possess very different static contact angles, but the extent of spreading for same degree of deformation seems to be similar. Similarly, the viscosities of glycerol and suspension ( = 0.55) are nearly the same and both are partially wetting (large static contact angles), but still the suspension spreads to a larger extent. Finally, the spreading rates and extent of spreading for PDMS and glycerol, which have quite different viscosities and wettabilities, are nearly the same. 
B. Instability and finger growth
We, now, discuss the characteristics of the contact line instability accompanying the spreading of the film. This instability ensues due to a capillary ridge region formed near the advancing front of the film, which is susceptible to perturbations in transverse direction eventually growing as fingers associated with a prescribed wavelength. [2] [3] [4] [5] [6] The radius of the spreading film at which the instability first ensues is defined as critical radius ( ). We measure corresponding to the 10% deformation of the contact line. 6 The value is normalized using the cube root of the initial drop volume ( 0 ) which is not the same for all fluids. Figure 4 shows the variation of the normalized critical radius with for all the rotational speeds studied. The critical radius for PDMS decreases slightly over the range of rotational speeds employed, which is in accordance with previously observed behavior. 6 For all other fluids, the critical radius increases with increase in rotational speed from 250 rpm to 500 rpm, beyond which it remains nearly constant. Further, the critical radius for glycerol (shown as a solid line) is much lower than PDMS (shown as a dashed line) for all the rotational speeds which is expected given that PDMS is far more wetting than glycerol and hence can spread to a larger area before developing instabilities (compare first and sixth column in Fig. 2 ). The value of at = 0.4 and lower (not shown) is quite close to that for the partially wetting glycerol for all the rotational speeds which suggests that the presence of particles has a negligible influence on the instability behavior for these values of . For these cases, the instability is, then, initiated due to the usual contact line instability of the partially wetting suspending liquid. Beyond = 0.4, the value of increases steadily (except at = 0.425 for some rotational speeds which is not clear) towards that for PDMS, with a slight decrease at the highest for rotational speeds of 500 rpm and above. The rate of increase is smaller for 250 rpm compared to that for higher rotational speeds.
The wavelength ( ) of the instability is related to the experimentally determined critical radius ( ) and number of ensuing fingers ( ) as counted from the images, by the geometric relation 6 = (2 )/ . In Fig. 5 , we show the wavelength obtained by this relation for different fluids using the experimentally determined values for and the number of fingers (counted from the images) for all the four rotational speeds employed. All the measurements are carried out at a radial location where the degree of deformation is 10%. The secondary fingers which form at later times (larger degree of deformation or spreading) between the existing fingers are not included over here. PDMS has lower surface tension and breaks into several fingers associated with smaller instability wavelength. Glycerol, on the other hand, has higher surface tension and breaks into lesser fingers associated with larger instability wavelength to minimize the surface energy. This behavior is very well known in the literature and the values of the wavelength for both the liquids are in accordance with the predictions obtained through the linear stability analysis of thin film equations.
2-4,6
The data for suspension exhibit a very interesting non-monotonic dependence on increasing for all the rotational speeds. The decrease in the wavelength is in qualitative agreement with the linear stability analysis of thin film equations by Cook et al. 16 These authors developed a continuum two-phase model for suspension, including concentration gradient driven diffusion and shear-induced migration of particles. This model is able to capture the decrease in the instability wavelength for a suspension film compared to that for the film of the suspending liquid. In our experiments, this raises the possibility of the presence of particle concentration gradients within the capillary ridge which can cause diffusion of particles and consequently lower wavelengths. The primary reason behind the formation of such a concentration gradient in the system, if at all present, is however not clear and needs to be investigated further. The higher wavelengths observed in Fig. 5 at higher values of seem to be in qualitative agreement with the predictions of linear stability analysis of thin film equations for yield stress suspension by Balmforth et al. 15 The model, incorporating a Bingham stress constitutive equation, captures the increasing wavelength for a suspension film compared to the film of the suspending liquid, through the increasing yield stress. For the higher concentrations studied in our experiments, this raises the possibility of particle crowding within the capillary ridge, which will ensue a contact network and impart a yield stress, leading to the observed higher wavelengths. Again, the exact mechanism behind the crowding of the particles in the ridge, if at all present, needs further investigation.
Finally, we discuss the growth of the fingers post-instability formation. We consider only the fastest growing finger, though the behavior is more or less the same for other fingers. Figure 6 shows the growth of the fastest growing finger ( − ) normalized by the cube root of the initial volume ( 0 ) at 500 rpm. Here, is the distance of the finger front from the axis of rotation and is the critical radius. Glycerol forms less number of fingers and all the fluid passes outwards from the existing fingers leading to a faster growth rate (solid line in Fig. 6 ). In contrast, PDMS forms more fingers and the liquid flows outward through fingers as well as during the slow spreading of the central drop causing an overall lower rate in the finger growth (dashed line in Fig. 6 ). With increasing particle fractions, the suspension data show a monotonic decrease in the rate at which the fingers grow in time. The rate, is faster at lower values of , decreases and is nearly identical to that for glycerol at = 0.475, decreases further to be similar to that for PDMS at = 0.5 and falls further for highest values of studied. This overall behavior is a combination of varying viscosity and the particle influence on finger growth with increasing . 
IV. CONCLUSIONS
In summary, we have shown, through flow visualization experiments, a unique and curious effect of the particle fraction on the spreading behavior of a film of suspension. The critical radius for the onset of instability is found to increase gradually with increase in the particle fraction with a slight drop off at the highest particle fraction studied, while the instability wavelength decreases and then increases again while going through a minimum for the same range of particle fractions. The decrease and increase in the wavelength are, respectively, attributed to the possible particle concentration variations in the capillary ridge at lower and particle crowding at higher . The supporting arguments provided on the basis of previous theoretical studies 15, 16 are qualitative, but the results presented are, nevertheless, quite significant. They should provide strong impetus towards developing a theoretical framework capable of encompassing the existence of seemingly different spreading characteristics of a suspension film within a small concentration range. Some interesting avenues within the scope of future work are (i) actual visualization of particle motion within the capillary ridge, (ii) changes in the contact line instability for a mixture of particles differing in size, for non-neutrally buoyant particles and for non-Newtonian suspending liquids, and (iii) altering the particle surface properties to change its affinity with respect to liquid. The results also suggest possible mechanism of altering the spreading behavior of a thin film of liquid by addition of non-interacting particles which should be of interest to industrial applications.
